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E-mail address: lugtigheid@gmail.com (A.J. LugtighMany every-day activities necessitate an estimate of the time remaining until an object will hit us: the
time-to-contact (TTC). Observers’ skill in estimating TTC has been studied by considering the use and
combination of key visual signals (e.g. looming and disparity). However, establishing observers’ proﬁ-
ciency in estimating TTC can be complicated, as the variable of interest (time) is typically highly corre-
lated with other signals (e.g. target velocity or displacement). As a result, observers’ responses may be
based on correlates of TTC rather than on TTC itself. Here we evaluate two widely-used TTC tasks: one
absolute task in which observers pressed a button to indicate the estimated TTC, and a relative task in
which TTC was judged relative to a reference. We test how a wide range of experimental variables that
co-vary with TTC contribute to observers’ judgments. We systematically vary the correlation between
TTC and its covariates and test how psychophysical judgments are affected. We show that for both abso-
lute and relative estimation tasks, observers’ responses are best explained on the basis that they judge
TTC rather than one (or more) of its covariates. Our results suggest that relative tasks are preferable when
assessing TTC, and we suggest a number of analyses methods to ensure that participants’ judgements cor-
respond to the variable under investigation.
 2011 Elsevier Ltd. All rights reserved.1. Introduction
A key function of the visual system is to provide information
about objectsmoving in depth sowe can initiate interceptive or eva-
sive actions (e.g. catch aball; avoid a car crash). Frequently, the brain
requires an estimate of the time remaining until an objectwill hit us
or another object: the time-to-contact (TTC). Observers’ skill in
estimating this quantity has been examined by a large number of
studies in both laboratory- and applied-settings. For example,
applied studies have tested TTC for ball interception (e.g. Bootsma
& van Wieringen, 1990; Caljouw, Van der Kamp, & Savelsbergh,
2004; Gray& Sieffert, 2005; Peper et al., 1994) and the visual control
of braking (e.g. Coull et al., 2008; Lee, 1976; Rock & Harris, 2006),
whileotherworkhas sought to isolate thekeyvisual signals required
when judging TTC (e.g. DeLucia, 1991, 2005; Gray & Regan, 1998;
Heuer, 1993; Lee&Reddish, 1981; Lee et al., 1983; Regan&Hamstra,
1993; Rushton &Wann, 1999; Todd, 1981).
To examine the basis of TTC judgments, observers are typically
required to tune an action (e.g. a simple button press or an inter-
ceptive movement) to a visual target. However, inferring the
observers’ proﬁciency in estimating TTC in such tasks is not always
straightforward, as the variable of interest (time) is typically highly
correlated with other signals (e.g. the target’s velocity or displace-
ment). Thus, observer’s responses may be based on correlates ofll rights reserved.
eid).TTC, rather than on TTC itself. Fig. 1A illustrates the investigator’s
dilemma: varying the target’s TTC (the solid diagonal) while keep-
ing the target’s starting distance (the ordinate) constant would
confound TTC with the approach speed (abscissa). As a result,
observers might respond on the basis of trial-by-trial variations
in the target’s approach speed, even though their task was to esti-
mate TTC. A simple approach to discourage the use of covariates is
to randomise the signals (e.g. speed, distance) and thereby reduce
their correlation. However, this does not necessarily prevent
observers using a covariate when responding (i.e. the lower corre-
lation of the covariate with TTC would simply make judgments ap-
pear noisier). Therefore, it is important to test whether this
manipulation is successful – evidence that many previous studies
have not provided.
When presented with an approaching target, observers might
exploit one or more of a range of variables to judge the likely time
of impact. For instance, based on retinal size cues, they may be able
to estimate TTC directly using ‘tau’, the ratio of the object’s angular
size to its rate of looming rate (Lee, 1976; Lee and Reddish, 1981;
Lee et al., 1983; Regan & Hamstra, 1993; Wann, 1996). Alterna-
tively, their judgments might relate to the looming rate when
the approaching object is of a known size (López-Moliner, Field,
& Wann, 2007). Based on binocular cues, observers might use the
ﬁrst derivative of disparity divided by the second derivative
(Regan, 2002) or the rate of change of disparity (Gray & Regan,
1998), as well as the combination of monocular and binocular
signals (Gray & Regan, 1998). Given the dense intercorrelation
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Fig. 1. Representation of stimulus parameters involved in time-to-contact experiments. (A) TTC as a function of distance and approach speed. A single TTC can be produced
from a range of combinations of distance and approach speed (solid contour lines). We sampled our values of distance and approach speed from the shaded area, with average
values shown as the solid black diagonal (TTC = 2.0 s). (B) Illustration of the predictive motion paradigm (Tresilian, 1995), with distance shown as a function of time. The
target remains at its starting distance for 500 ms and at time T0 starts approaching the observer. At time T1 the object is removed from the display. Had it continued along it is
trajectory towards the observer (dashed line) it would hit a point between the participant’s eyes at time TTC.
A.J. Lugtigheid, A.E. Welchman / Vision Research 51 (2011) 2234–2241 2235between these signals, it can be difﬁcult to determine whether
observers judgments relate to a full temporal estimate of TTC or
rather covariates that do not unambiguously signal TTC when con-
sidered alone.
One approach to the issue of covariation was developed by
Regan and colleagues (Gray & Regan, 1998; Regan & Hamstra,
1993; Regan & Vincent, 1995) in which TTC was made orthogonal
to other sources of information through a factorial design. For in-
stance, Regan and Hamstra (1993) provided evidence that under
monocular presentation, observers judge TTC independently from
two possible covariates (retinal size and rate of expansion). While
attractive, this design is unwieldy if more than two or three poten-
tial covariates are considered. Moreover, while this manipulation
ensures that the looming rate is orthogonal to tau and retinal size
at the start of the trajectory, this separation no longer holds as the
trajectory unfolds towards the observer (the more critical period of
the trial). Finally, observers in these studies were generally pro-
vided with feedback, complicating the interpretation of the results.
Speciﬁcally, depending on the feedback regime, observers are able
to discriminate covariates of TTC (e.g. the initial rate of expansion)
with the same precision as TTC (see Regan and Hamstra (1993)
Experiments 3A and 4A), making it difﬁcult to know whether the
experimental task reﬂects typical behaviour when judging TTC.
In this paper we seek to establish which source(s) of informa-
tion participants use to judge TTC. Previous work has focused lar-
gely on the use and combination of monocular and binocular
optical signals that underlie TTC judgments (i.e. looming rate,
angular size and changing binocular disparity signals). Here we
consider a wider range of experimental variables that also co-vary
with TTC (e.g. presentation duration and occlusion distance). Our
goal is to determine whether observers judge the TTC of an
approaching target when instructed to do so, or rather judge one
(or more) of its covariates.
In the ﬁrst experiment, we use an absolute task in which
observers press a button to indicate their estimate of TTC. In a
second experiment, we use a relative task in which observers
judge the time-to-contact relative to an auditory reference. For
both experiments we consider a range of potential covariates
and we systematically vary the correlation of these covariates
with TTC by manipulating the amount by which covariates are
randomised. We determine how performance in TTC tasks is af-
fected by randomisation to assess whether observers’ judgments
rely on the actual TTC or a covariate. To preview our ﬁndings,we ﬁnd that performance in both tasks suggests participants
judge TTC rather than its covariates.2. General methods
2.1. Apparatus
Stimuli were presented stereoscopically using a two-monitor
haploscope in which the two eyes viewed separate 21 inch CRTs
(ViewSonic FB2100x) through front-silvered mirrors. Viewing dis-
tancewas 50 cm.We adjusted the haploscope so that inter-pupillary
distance and vergence angle were conﬁgured correctly for each indi-
vidual. Stimulus presentation was controlled by aWindows PC with
an NVIDIA Quadro FX4400 graphics card. CRTs displayed
1600 1200 pixels at 100 Hz. Individual pixels subtended approx.
1.75 1.75 arcmin. The twoCRTswerematched and linearisedusing
photometric measurements. Headmovements were restricted using
a chin rest. Responses were collected via the PC’s keyboard.
2.2. Stimuli
The target was a wireframe sphere (16 lines of longitude and
latitude) that had a mean radius of 2 cm, randomly varied between
trials from a uniform distribution in the range of ±0.2 cm (cf.
Welchman, Lam, & Bülthoff, 2008). To enhance the subjective
impression of 3D structure, the sphere rotated around its centre
(rotation speed of 40/s around the x-axis and 80/s around the
y-axis). In addition to the target, a peripheral reference volume of
textured cubes was visible throughout all experiments, creating
the impression of viewing the target at the centre of a short tunnel.
The frontal plane of the ‘tunnel’ was aligned with the plane of the
screen and the tunnel extended 30 cm behind the screen. This pro-
vided observers with a constant stationary reference. Stimuli were
created using C# and OpenGL graphics libraries and were rendered
using anti-aliasing and geometric perspective projections fromeach
eye, taking the observer’s inter-pupillary distance (IPD) into
account.
2.3. Procedure
Observers sat in the dark and viewed the motion excursion of an
approaching target. At the start of each trial, the target appeared at
Table 1
Ranges of starting distance, occlusion distance and time-to-contact in ﬁve conditions
used in Experiments 1 and 2. Values were sampled from a uniform distribution
(shown here as mean ± range).
Randomisation
level
Start distance
(cm)
Occlusion distance
(cm)
TTC (s)
0 95 ± 0.0 60 ± 0.0 2.0 ± 0.0
1 95 ± 3.0 60 ± 6.0 2.0 ± 0.3
2 95 ± 6.5 60 ± 13.0 2.0 ± 0.3
3 95 ± 8.0 60 ± 18.0 2.0 ± 0.3
4 95 ± 10.0 60 ± 20.0 2.0 ± 0.5
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sight. It remained at this starting distance for 500 ms to allow
observers to ﬁxate and fuse the stimulus. The target then started
to approach the observer along the cyclopean line of sight at a con-
stant (real world) speed. The target was removed from the screen
at a chosen ‘occlusion’ distance from the observer (see Fig 1B). As
a consequence, observers made their response based on a predic-
tion of the target’s motion (Tresilian, 1995). Observers were free
to move their eyes and no feedback was provided.2.4. Choice of stimulus parameters
To reduce the correlation between stimulus variables, we ran-
domised the start distance, the occlusion distance, the TTC of the
target when it started moving towards the observer and its physi-
cal size. This also randomised the approach speed of the target, the
presentation duration, the rate of expansion, and the total angular
expansion. To maintain a comfortable range of binocular fusion
(Hoffman et al., 2008), while still allowing enough randomisation
of start and occlusion distances, we set the maximum visible mo-
tion trajectory between 105 cm and 40 cm from the observer. To
reduce the correlation between variables, we employed ﬁve condi-
tions of increasing randomisation. We kept the mean value of the
starting distance (95 cm), occlusion distance (60 cm) and the TTC
(2 s) constant across conditions, while systematically increasing
the range of the uniform distribution from which we sampled.
We included one condition in which we randomised none of the
variables (Randomisation level 0, Table 1), one condition in which
we maximised the randomisation within the range of distances we
chose (Randomisation level 4, Table 1) and three intermediate con-
ditions (Randomisation levels 1–3, Table 1). Each observer partici-
pated in each condition in a quasi-random order.2.5. Variables considered as potential covariates
We considered the inﬂuence of a number of variables that
could, potentially, have been used by observers when making their
judgments (even though some of these potential covariates would
not represent entirely rational choices). We included the spatio-
temporal variables of looming rate, change in binocular disparity
and the target’s approach velocity. We also considered spatial vari-
ables, such as the vergence distance (expressed in angular units)
and the target’s retinal size, and temporal variables, such as the
TTC and the presentation duration. Finally, we considered the tar-
get’s total change in angular size and the total change in vergence
(i.e. the relative disparity between the starting point and the occlu-
sion of the target). Where applicable we considered these variables
both at the start of the trial and at occlusion. We conducted re-
peated-measures ANOVAs in SPSS and used sphericity corrections
where required. Other data processing and statistical tests were
performed using Matlab (The MathWorks Inc.).2.6. Observers
Observers were recruited from the staff and students of the Uni-
versity of Birmingham (average age across all participants
26.9 ± 4.6 years); all gave written informed consent. Observers
were screened to ensure that they could discriminate at least 1 arc-
min of disparity in a brieﬂy presented (300 ms) random dot
stereogram.3. Experiment 1: Absolute task
Perhaps the most direct measure of a person’s ability to esti-
mate TTC is to show them an approaching target for a speciﬁed
time and ask them to indicate the point in time when the target
would reach a speciﬁed position (e.g. hit them on the head or reach
their hand). This absolute estimation approach has been taken by a
number of studies (e.g. Cavallo & Laurent, 1988; Geri, Gray, &
Grutzmacher, 2010; Heuer, 1993; López-Moliner, Field, & Wann,
2007; McLeod & Ross, 1983; Rushton & Wann, 1999; Schiff &
Detwiler, 1979), although the question of whether task-irrelevant
variables (rather than TTC) were used was not addressed directly.
In this experiment we use an absolute estimation task to assess
observers’ performance in judging time to contact. To identify
the information used by observers, we vary the correlation be-
tween potentially informative variables (see Table 1) and assess
how randomisation inﬂuences judgments.
3.1. Methods
Observers (the authors and ﬁve naive observers) viewed a single
motion trajectory of an approaching target and pressed a button
when they thought the target would hit them (had it continued to-
wards them at a constant speed after being removed from the
screen). Participants made 160 judgments for each of the ﬁve
experimental conditions (i.e. ﬁve levels of randomisation). Each
condition was tested in a separate experimental block.4. Results
We compared observers’ estimates of the TTC with the physi-
cally presented TTC, and examined the central tendency (the med-
ian) and spread (the median absolute deviation, or MAD) of this
(typically skewed) error distribution. The median provided a mea-
sure of accuracy (i.e. how close observers’ judgments were to the
presented TTC) and the MAD measured precision (i.e. how reliably
observers made their judgments). The most notable feature of
these data was the large between-subjects variability in accuracy
(Fig. 2A): some individuals reported the target would have arrived
long after it would have hit them (e.g. Observer MH responds
around 800 ms after it would have hit him), while others reported
an arrival time before the TTC (e.g. observer BH responds around
250 ms before target arrival).
Randomising the experimental parameters did not systemati-
cally inﬂuence observers’ accuracy (F4,24 < 1, p = .52); this is ex-
pected, as the mean values remained constant so it is unlikely
that a systematic bias would be introduced by our manipulation.
However, parameter randomisation affected precision
(F4,24 = 3.246, p = .02), with participants producing less precise re-
sponses as randomisation was increased. This suggests that at least
some information carried by the covariates contributes to partici-
pants’ judgments. To determine which source(s) of information
best accounted for participants’ judgments, we used a regression
approach. Previous studies have used stepwise multiple linear
regression to determine which linear combination of variables best
explains observers’ responses (e.g. Gray & Regan, 1998). However,
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Fig. 2. Results from the absolute task (Experiment 1). (A) The median error for each observer, collapsed across all levels of randomisation. Bars show bootstrapped median
errors; error bars show the 95% conﬁdence intervals. (B) The median absolute deviation (MAD) for the four levels of randomisation, collapsed across all observers. Bars show
the bootstrapped MAD for the four levels of randomisation we used (see Table 1); error bars show 95% conﬁdence intervals. (C) Mean standardised regression coefﬁcients (b)
of the three PCA components for each observer, averaged across all degrees of randomisation. Higher values are consistent with a larger inﬂuence of the component on
observers’ judgments. Error bars show 95% conﬁdence intervals for the parameter estimates.
Table 2
Variable composition of the extracted components ordered by the percentage variance explained (in brackets). Note, this analysis relates to values of the stimulus variables
generated by the computer, not the participants’ judgments.
1. ‘‘Occlusion’’ (51%) 2. ‘‘TTC’’ (28%) 3. ‘‘Start’’ (16%)
– Looming rate at occlusion
– Rate of disparity change at occlusion
– Presentation time
– TTC at occlusion
– Vergence distance at occlusion
– Retinal size at occlusion
– Change in vergence (relative disparity between the start and end of
motion)
– Change in angular size while the target was visible
– TTC at the start of target motion
– Looming rate at the start of the trial
– Rate of disparity change at the start of the
trial
– Approach velocity of the target
– Vergence distance at the start of the
trial
– Retinal size at the start of the trial
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ables are highly correlated with one another (i.e. the data have
multicollinearity). In consequence, the results of a stepwise re-
moval or addition of predictor variables would be unstable and
have poor cross-validation.
To avoid this problem, we used a principal components analysis
(PCA) to identify orthogonal components in the predictor variables.
Having identiﬁed these components we performed a regression
analysis of the data projected onto the principle component axes.
Because our variables have different units, we conducted our PCA
on the correlation matrix of all variables under consideration,
using a varimax rotation (using Matlab’s ‘rotatefactors’ function)
to maximise the loading of each variable on one of the extracted
factors while minimising the loading on all other factors. This re-
sulted in three main components. (Note that this analysis relates
to the stimulus variables generated by the computer, and does
not yet relate to observers’ judgments). The ﬁrst principle compo-
nent consisted of variables that mainly depended on the occlusion
of the target (e.g. the looming rate at occlusion, the rate of disparity
change at occlusion, the vergence distance at occlusion and the tar-
get’s retinal size at occlusion); the second component consisted of
the TTC, the target’s approach velocity and spatio-temporal vari-
ables at the start of the trial (i.e. the initial looming rate the initial
rate of disparity change); the third component consisted of spatial
variables related to the start of the trial (i.e. the initial retinal size
and the initial vergence distance). Table 2 provides an overview of
the components and their variable composition.
To quantify which component best described the observers’ re-
sponses, we used the factor scores (i.e. the transformation of the
variables into component space) of the extracted components asregressors in a multiple regression analysis, with the observers’
TTC response as the dependent variable. We found that the three
components accounted for observers’ behaviour to a different ex-
tent (F2,12 = 10.55, p < .01), with the component relating to the
TTC and the approach speed of the target (component 2) explaining
most of the variance for six out of seven observers (Fig. 2C). There
was no inﬂuence of the amount of randomisation on the reliance
on each component (F3,18 = 2.14, p = .131) and there was no inter-
action (F6,36 = 3.76, p = .072). This result suggests that participants’
judgments are best explained on the basis that they use TTC, the
approach speed, the initial looming rate and initial rate of disparity
change rather than other covariates. In the next experiment, we
use a different method to examine TTC separate from all other
covariates.5. Experiment 2: Relative task
The results from Experiment 1 suggested large between-sub-
jects variability in the accuracy with which individuals judge TTC
in a lab-based testing situation. One means of avoiding the inﬂu-
ence of differences in individuals’ response criteria, is to ask
observers to view two objects—either in sequence or simulta-
neously—and judge which would reach them ﬁrst (e.g. DeLucia,
1991, 2005; Field & Wann, 2005; Kim & Grocki, 2006; Todd,
1981). This two-alternative forced choice format reduces the im-
pact of an individual’s decision criterion. However, this approach
does not guarantee the use of TTC information: observers could
make their judgments by comparing a TTC covariate (e.g. presenta-
tion duration for the two alternatives), rather by comparing the
2238 A.J. Lugtigheid, A.E. Welchman / Vision Research 51 (2011) 2234–2241TTC variable of interest. Thus, it is important to establish which
source(s) of information form the basis of observers’ judgments.
If a single-presentation design is used, observers can be asked to
judge TTC against some internal criterion such as the mean of
the stimulus set (McKee, 1981; Regan & Hamstra, 1993). Here,
we take the approach developed by Gray et al. (1998) in which
observers make judgments relative to an auditory tone (also see
López-Moliner, Brenner, & Smeets, 2007). Having obtained TTC
judgments using this task, we consider how well the different po-
tential sources of information can account for the observers’ judg-
ments by ﬁtting psychometric functions. We then test how
psychophysical responses described in this way are affected as
stimulus randomisation is varied.5.1. Methods
Observers (the authors and six naive observers) viewed a single
presentation of an approaching target (as in Experiment 1). In this
experiment, we presented a brief auditory cue (duration of 50 ms,
frequency of 1 kHz) as a reference cue against which observers
judged the target’s time-to-contact. The timing of the reference
tone could be coincident with the visually-speciﬁed TTC, or dis-
placed from it with ±150, 300 or 600 ms (method of constant stim-
uli). Observers pressed a key to indicate whether they thought the
target would have hit them before or after they heard the tone (had
it continued on its trajectory at a constant speed). Observers were
tested in ﬁve conditions of increasing amounts of randomisation
(Table 1).6. Results
To assess which source of information best explained partici-
pants’ judgments, we calculated psychometric functions (propor-
tion of ‘‘after the tone’’ responses) expressed in terms of TTC and
a range of possible covariates (cf. Harris & Watamaniuk, 1995;
McKee, 1981) by binning continuous variables into equally spaced
bins (e.g. Fig. 3C). We ﬁt these psychometric functions with a
cumulative normal (psigniﬁt toolbox; Wichmann & Hill, 2001)
and used the standard deviation parameter to quantify the dis-
crimination threshold.
Inspecting the psychometric functions expressed in terms of
different variables suggested that only two variables could reason-
ably account for participant’s judgments: TTC and the time differ-
ence between the offset of the visual stimulus and the sounding of
the tone: DT (Fig. 3). To formalise this interpretation across all the
participants, we calculated the 68% conﬁdence interval for each
threshold to express the range of likely underlying thresholds.
We divided this conﬁdence range by the range of stimulus values
tested in the experiments. If this ratio exceeded 1, it suggested
our testing range would capture the underlying thresholds.
However, values below 1 suggested our data would not capture
thresholds reliably. For all the participants tested, the only
variables that exceeded a ratio of 1 were TTC and DT.
To investigate further which of these variables best described
psychophysical performance, we examined how thresholds chan-
ged as stimulus parameters were subject to increasing amounts of
randomisation. Increasing the amount of parameter randomisation
had the effect of reducing the correlation between TTC and DT
(R = 1.0with no randomisation, and R = 0.78 for randomisation level
4). We found that judgments expressed in terms of TTC were rela-
tively unaffected by variations in parameter randomisation, but this
was not truewhen judgmentswere expressed in terms ofDT (Fig. 4).
This suggests that observers’ judgments are best understood in
terms of judging TTC rather than simply the time interval between
the disappearance of the target and the onset of the tone.To quantify this result across observers, we ﬁt a line to the data
relating the correlation between the variables and the observer’s
threshold (i.e. linear regression), and then compared the slope of
these lines (Fig 4A). A slope value of zero would indicate no inﬂu-
ence of randomisation, while higher slope values suggest a higher
inﬂuence of randomisation. For all observers, the amount of ran-
domisation affected thresholds related to both TTC and DT
(Fig. 4B). However, the inﬂuence on thresholds expressed in terms
of DT was systematically larger (t7 = 3.854, p < 0.01). This provides
strong evidence that observers’ responses are best expressed in
terms of the TTC rather than its covariates.
In summary, asking observers to judge the TTC of an approach-
ing target against a reference tone anchors their judgments and
eliminates bias. By quantifying performance as the correlation be-
tween TTC and its covariates was reduced, we ﬁnd that perfor-
mance is best explained on the basis that observers judge TTC
and not its covariates.7. Discussion
7.1. Are perceptual judgments based on TTC?
In this paper we investigated which source(s) of information
observers use to estimate TTC in a laboratory test. We assessed
whether perceptual judgments were based on the task-relevant
TTC information, or whether observers based responses on one of
its many covariates. We assessed TTC judgments under two para-
digms. First, we collected data using an absolute task (Experiment
1). To gain insight in the source(s) of information that best ac-
counted for participant’s judgments we conducted a principle com-
ponents analysis (PCA) of the stimulus variables and regressed the
resulting component scores onto the estimated TTC. For six of se-
ven observers we found that the second component (containing
the variables TTC, approach speed, initial looming rate and initial
rate of disparity change) best accounted for observers’ judgments.
Although this provides evidence that observers responded on the
basis of TTC, we could not fully dissociate TTC from other variables.
As a result, it is possible that observers based their estimates on the
approach speed (e.g. observers indicated a longer TTC when the ap-
proach speed was slow), the initial looming rate or the initial rate
of disparity change, rather than on the TTC.
In Experiment 2, we used a relative task and classiﬁed TTC judg-
ments in terms of all the covariates under consideration. We com-
pared discrimination thresholds for TTC in terms of individual
covariates and found that only two variables could reasonably ac-
count for observers’ judgments: the presented TTC and the time
interval between target occlusion and the auditory cue (DT). We
then showed that systematically increasing the amount of ran-
domisation (thereby reducing the correlation between these two
variables) increased discrimination thresholds forDTwhile thresh-
olds expressed in terms of TTC were reasonably unaffected. This
indicates that observers’ perceptual judgments are based explained
on the basis of judging TTC rather than the DT covariate. These re-
sults are consistent with previous reports that observers will judge
TTC when asked (e.g. Gray & Regan, 1998). Moreover, we show that
this is true for naive subjects and when no feedback is provided.
One potentially surprising result from our study is that judg-
ments expressed in terms of looming or retinal size produceﬂat psy-
chometric functions (Fig. 3). This seems at odds with reports that
humans are selectively sensitive to these cues (Regan & Hamstra,
1993). We considered the possibility that this ﬁnding may be due
to our data analysis. Speciﬁcally, in Experiment 2 wemeasured psy-
chometric functions for TTC judgments. To investigate the inﬂuence
of other variables, we then expressed our psychometric functions in
terms of potential covariates by binning the data. As a result, each
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Fig. 3. Psychometric functions from the relative task (Experiment 2), averaged across observers. Ten of the sources of information we considered are plotted: (A) the offset of
the auditory cue, relative to the presented TTC; (B) looming rate at the start of the trial; (C) looming rate at occlusion; (D) rate of change in disparity at the start of the trial; (E)
rate of change in disparity at occlusion; (F) the time interval between occlusion and the tone (DT); (G) the angular size of the target at occlusion; (H) the total change in the
target’s angular size during the visible trajectory; (I) the vergence angle at occlusion; and (J) the total change in disparity (the relative disparity between the positions at the
start and at occlusion).
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the auditory probe offsetwas at -600 ms and trials inwhich itwas at
+600 ms. At these extreme points, performance is likely at ﬂoor or
ceiling: i.e. at the +600 ms point observers may always respond
‘‘before’’, because it may be obvious – from multiple cues – that
the targetwill arrive before the tone. Likewise, at the600 ms point
observers may never respond ‘‘before’’. This is not a problem when
we express our psychometric function in terms of the manipulated
variable, because these extreme points contribute to ceiling and
ﬂoor points of the function. However, whenwe plot the psychomet-ric function in terms of one of the covariates the ceiling and ﬂoor
points at +600 ms and 600 ms are averaged into each data point
across the range. This could potentially mask any contribution from
the covariate with the result that the psychometric function would
be ﬂat.
One solution to this issue is to calculate discrimination thresh-
olds (expressed as Weber fractions: the standard deviation of the
ﬁtted Gaussian divided by its mean) for each covariate on a re-
duced range of temporal offsets, excluding the data points at
±600 and ±300 ms. The standard deviation of the function ﬁtted
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Fig. 5. Weber fractions calculated on the full range of offsets of the auditory probe (black circles) and the reduced range excluding the extreme points (grey squares). Four of
the sources of information we considered are plotted: (A) offset of the auditory probe, or TTC; (B) DT; (C) retinal size at occlusion; and (D) looming rate at occlusion.
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tribution of other variables to the decision made within the critical
range. Fig. 5 shows an overview of the weber fractions for four vari-
ables, calculated on the reduced range (black circles) and on the
full range (grey squares). It is clear that Weber fractions on the re-
duced range are lower for most variables, thereby conﬁrming the
idea that the reduced range allows a better assessment of the con-
tribution of covariates. However, results using this reduced range
demonstrate that observers’ judgments are best accounted for on
the basis that they judge TTC (average Weber fraction = 0.3). More-
over, all covariates of TTC are affected by randomisation (Fig. 5B–
D): decreasing the randomisation results in a decrease of Weber
fractions (this may – in part – be due to the increasing correlation
of TTC with other variables). However, consistent with the results
shown in Fig. 4, the Weber fractions for TTC are relatively unaf-
fected. This provides more evidence that observers’ judgments
were determined by TTC and not covariates.
As reviewed in Section 1, recent work has suggested that loom-
ing rate is an important cue in judging interception. Here we ﬁnd
that looming rate does not provide a good account of our observers’
judgments. This apparent discrepancy may reﬂect differential sam-
pling of the approach trajectories by our study in relation to previ-
ous work. Speciﬁcally, to minimize cue conﬂicts, we occluded the
trajectory at around 37% of it is visible approach toward the obser-
ver. Had the object continued closer towards the observer, it is pos-
sible that a threshold value of looming rate may be reached that
drives action initiation (Caljouw, Van der Kamp, & Savelsbergh,
2004; López-Moliner, Field, & Wann, 2007; Michaels, Zeinstra, &
Oudejans, 2001).
7.2. How well can observers judge time-to-contact?
Having established that our observers’ responses were based on
TTC information, we consider their psychophysical performance.First, results from the absolute task (Experiment 1) show large sys-
tematic and esoteric errors in observers’ accuracy in judging TTC
using an open loop experimental task, with errors up to 850 ms
(42%), with an average error of 430 ms (21%). This result is poten-
tially alarming, considering the high precision accuracy (and preci-
sion) that is often necessitated by real-world interceptive or
evasive actions. Yet, poor accuracy in estimating TTC is commonly
reported in studies using absolute estimation tasks (typically 10–
40%: Cavallo & Laurent, 1988; Schiff & Detwiler, 1979; Heuer,
1993; although see Rushton and Wann (1999) who employed fast
motions in a VR setup). There are several potential explanations
for these errors. First, in the context of systematic error (or bias), it
is relevant to consider feedback regimes and the availability of a ref-
erence cue. Speciﬁcally, providing feedback will provide the obser-
ver with direct information about errors in their estimates and
they can adjust their decision criterion to minimize their error
(Karanka, Rushton, & Freeman, 2007). Similarly, a reference cuewill
anchor the observers’ decision criteria. As we did not provide either
in Experiment 1, estimates depended on individual (and uncon-
strained) decision criterion, resulting in large systematic and
variable errors. Second, our ﬁxed viewing distance setup involved
cue conﬂicts (e.g. between vergence and accommodation) so
estimates of approach and time-to-contact are likely to be less
reliable than they would have been in a natural viewing situation.
In Experiment 2, in which observers made their perceptual judg-
ments relative to an auditory cue, we found that errors are much
lower (20–120 ms, all underestimates). Observers’ judgments were
reasonably precise: discrimination thresholds ranged from 180 to
600 ms; the lower range is compatible with previously reported
thresholds (about 125–300 ms, Gray & Regan, 1998). The higher
thresholds were associated with the naïve psychophysical observ-
ers, potentially explaining the wider range of performance relative
to that reported by Gray and Regan (1998) whose observers were
experienced.
A.J. Lugtigheid, A.E. Welchman / Vision Research 51 (2011) 2234–2241 22418. Conclusions
In summary, observers’ responses under experimental tasks
that use absolute estimates or relative judgments of TTC appear
to be best explained on the basis that they judge the presented
TTC, rather than its covariates. Our results suggest that the sin-
gle-trial relative paradigm is the more favourable method to study
perceptual judgments of TTC as it reduces the impact of the sys-
tematic and variable errors that can be seen with an absolute
method.
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